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ARTICLE INFO ABSTRACT

Article history: Ticks are important vectors of human and animal diseases. One important protective measure against
Received 24 June 2008 ticks is the use of personal arthropod repellents. Deet and the synthetic pyrethroid. permethrin cuitently
Accepted 25 September 2009 serve as the primary personal protective measures against ticks. Concern over the safety of deet and its
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low repellency against some tick species has led to a search for new user-approved, efficacious tick repel-
lents. In this article, we review the history and efficacy of tick repellents, discovery of new repellents, and
areas in need of attention such as assay methodology. repellent formulation, and the lack of information
about the physiology of repellency. '

© 2009 Published by Elsevier Inc.

1. Introduction

Ticks vector the widest array of disease-causing organisms of all
hematophagous arthropods and are second only-to mosquitoes in
their capacity to transmit disease agents of importance to human
and veterinary health [1]. Tick control and disease prévention are
largely dependent on the use of chemical acaricides. However,
a number of problems are associated with acaricide use such as
environmental pollution, contamination of meat and milk from
livestock, development of resistance, and expense, especially in
the developing world [2,3]. For humans, the most effective means
of preventing tick attachment and contraction of tick-vectored dis-
ease organisms is by limiting exposure to tick habitat, thorough

. self-examination after contact with tick habitat, and use of per-

sonal arthropod repellents [4]. ‘

~ Arthropod repellents are defined as chemical substances that
cause an arthropod to make oriented movements away from its
source [5]. Deet ( N,N-diethyl-3-methylbenzamide) has been the
most extensively used personal arthropod repellent for over five
decades and is available in a wide range of concentrations and
products that can be applied to exposed skin or clothing [6] (Table
1). Deet is a broad-spectrum repellent that is highly effective
against several species of mosquitoes {7,8}, other biting flies, and
chiggers |6). Deet is also effective against ticks {9,10] but is gener-

+ Corresponding author. Fax: +1 919 515 4325.
E-mail address: michael_roe®ncsu.edu (R.M. Roe).

0048;357515 - see front matter ® 2009 Published by Elsevier inc.
i:10.1016/j.pestbp.2009.09.010

ally considered to be less repellent than permethrin or piperidines
[9.11-13].

Deet is used annually by approximately 30% of the US popula-
tion and 25% of the people in the United Kingdom [14]. The odor
and skin-feel of deet is disagreeable to some people and deet reacts
with some plastics and synthetic rubber. Adverse health effects
attributed to the use of deet have been reported but the number
of cases is relatively small compared to the number of people
who use it [6). Still, the safety of deet is doubted by some {15] pro-
moting development of alternative repellents for the portion of the
population that chooses not to use deet-based products. Presently
two deet alternatives are recommended by the Centers for Disease
Control and Prevention (CDC) that are labeled for use against ticks
on human skin by the US Environmental Protection Agency (EPA):
1R3535 (3-[N-butyl-N-acetyl]-aminopropionic acid, ethyl ester)
and the piperidine, Picaridin (1-piperidine carboxylic acid) [16].
The synthetic pyrethroid permethrin is also approved for use on
clothing for protection from ticks. )

An ideal repellent should provide protection against a broad
spectrum of blood-feeding arthropods for at least 8 h, be non-toxic,
non-irritating, odorless, and non-greasy [17]. Such a repellent has
yet to be developed. Typically, repellent-discovery has been driven
by the need to protect military troops from hematophagous arthro-
pods that vector human diseases {18]. Increased international tra-
vel and the movement of people from urban to rural areas now
expose many civilians to arthropod-vectored pathogens [19,20]

‘and have increased public interest in repellents. Repellent-discov-

ery in part involves sophisticated computer-assisted, three-dimen-
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Table 1 .
Active ingredients commonly found in commercially available tick repellents.
Chemical name 1UPAC name CAS Chemical Structure
. number formula
I
Deet, Diethy] toluamide NN-Diethyl-3-methyl-benzamide ~ 134-62-3 Cy2HNO M’\©/ C— NEt,
. [o]
DEPA, N,N-diethyl-2-phenyl-ethanamide  N.N-Diethyl-2-phenyl-acetamide 2431-96-1  CyHyNO i
Et;N—C—CH,—Ph
I
C— OMe
DMP, dimethy! phthalate Dimethyl benzene-1,2-dicarboxylate  131-11-3 CioH1004 <I
l(it— OMe
o]
Dodecanoic acid, lauric acid Dodecanoic acid 8045-27-0 Cy2H2402 HO,C—~{CH;)yo—Me
o]
Me “
: C— 0Bu-n
Indalone Butyl 6,6-dimethyl-4-oxo-5H- 8039369 CigHi04  Me™ j- |
pyran-2-carboxylate /
o)
P
: - C—O0—CH—Et
Icaridin, KBR 3023, Picaridin 1-Piperidine carboxylic actd 119515-38-7  Ci2H23NO;
CH; — CH; —OH
IR3535, EBAAP 3-{N-butyl-N-acetyl}- 52304-366  CyjHxNO; I ,
aminopropionic EtO — C— CH; — CH; —N—Bu-n
acid ethy! ester
. .
. OH Ho Me
PMD, para-menthane-3,8-diol, (1R,2R,5R)-2-{2-Hydroxypropan- 81176-88-7  CyoH200: t Me
Quwenling 2-yl)-5-m_ethyl-cyclohexan—l -0l
Me
OH CH, —OH
Ethyl hexanediol, Rutger's 612 2-Ethylhexane-1,3-diol 94-96-2 CeHy02 :
n-Pr—CH—CH—Et
Me Me
Permethrin (3-Phenoxypbenyl)methyl 52645-53-1  CayHaoChO; c—0-CH, oPh
. 3-+{2,2-dichloroethenyl)- cl,c==CH 1
2,2-dimethyl-cyclopropane- o
1-carboxylate -
2-Undecanone, methyl Undecan-2-one 112-12-9 C1yH220

nonyl ketene

Me—C— (CH,)y— Me
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sional molecular modeling [19] as well as the traditional evalua-
tion of biologically-based compounds [21-26). While the use of
repellents for personal protection against mosquitoes has been re-
viewed before [17,27), less attention has been given to tick repel-
lents. In this review, we examine the past, present, and future
discovery and use of repellents for personal protection from ticks.

2. Seiisory perception

Ticks locate their host by two mechanisms: ambushing and
hunting (or a combination of the twao strategies as in the lone star

" tick, Amblyomma americanum (L.)). For the former and more com-

mon strategy, ticks climb foliage where they wait for a passing ver-
tebrate host with their forelegs extended anterolaterally. This
behavior, known as questing, facilitates location of the host. Quest-
ing ticks will cling to a passing animal if direct contact is made [2].
Hunting ticks, on the other hand, respond to host stimuli by emerg-
ing from their refuges and rapidly searching out the host by walk-
ing toward the source of the stimuli {1]. Stimuli which induce
ambush and hunting behavior include carbon dioxide, butyric
and lactic acid, ammonia (from animal wastes), heat, shadows,
and vibrations [1]. Ticks unlike mosquitoes lack antennae. Instead,
they detect host cues using sensilla located on the tarsi of the front
legs [28].

Until recently, relatively little research has been conducted to
determine how ticks detect repellents. Carroll et al. [10] note that
most repellency assays for ticks do not discriminate between
repellency due to olfaction versus that from tactile chemorecep-
tion. - Olfactory sensilla are able to detect vaporized molecules
[29], and evidence suggests that olfaction is involved at least i
part in repellency. For example, in a Y-tube bicassay, Dautdl
et al. |30} showed that nymphal sheep ticks, Ixodes ricinus (L.), tffa
approached a deet-treated filter paper surface would come withi

ter) that deet was repellent to I ricinus nymphs at a gfi
distance. McMahon et al. [31] found that the repell
presented in an air stream caused adult tropical bo;
‘omma variegatum F., to walk in the opposite directj
Carroll et al. [10] in their bioassay wrapped re

repellent, Nymphal A americanum, and blaé
scapularis Say (formerly I. dammini), were
by both deet and the repellent 55220 (

ject bioassay, IPSS
hrin spot-on solution),
patial repellent against
eumann [32]. The relative
¢ chemoreception in repel-
ted, Until more research is con-
& difficult to understand the

to play a role in repellency. In
(10% wjv imidacloprid + 50% w/{
was determined to be a contag}, by
adult paralysis ticks, Ixodes holocy

importance of olfaction ve
lency is currently under ag

importance of these I
ment of new repellents i

- Three major groups of proteins are involved in insect olfaction:
odorant receptors, odorant-binding proteins, and odorant-degrad-
ing enzymes [33]. Numerous studies have shown that susceptibil-
ity to a repellent varies between tick species [9,23,34] and life
stages [11,13,35], but the molecular basis for these differences is
unknown. The physiology of repellency in ticks is poorly under-
stood. The mode of action of deet in mosquitoes has been debated
for some time. Previously, it was thought that deet inhibited mos-
quito attraction to lactic acid [36}. More recently, Ditzen et al. [37]
found that deet inhibited responses to 1-octen-3-ol, This view was
contested by Syed and Leal [38] who showed that mosquitoes

exhibited no difference in response to 1-octen-3-ol alone or in

combination with deet. Syed and Leal [38] also showed that deet -

was repellent to mosquitoes even in the absence of host cues,
and odorant receptor neurons were able to respond to deet stimu-
lation directly. Our understanding of the mode of action of tick
repellents is in its infancy especially as compared to insects. A bet-
ter understanding of the molecular mechanisms of repellent che-
moreception including the role of the central nervous system
would be valuable in advancing our basic understanding of the
sensory physiology of the acarings and the rational design of next
generation repellents. i

3. Assay methods for tick
¥ development of new tick repel-

edtesting method. Early discovery of
identify broad-spectrum, non-irritat-

One problem in the re
repel]ents sought t¢

to developing a standardized testing

method [40] , @ wide range of methods is employed
when testi repellents. Studies differ in the timeframe in
which re| pxamined, the species and life stages used, the
formulati d amount of active ingredient tested, applications
of repellenttglifferent types of materials that may or may not affect

ration of tactile versus spatial repellency, and laboratory

assay approaches. These variations in testing methodol-
i and*assay conditions make comparison among studies prob-
atit and difficult to relate to the day-to-day real world use of
hétlents for personal protection. In a 2004 review, Dautel {40]
grouped the methods available for testing putative tick repelients
to three broad categories: (1) those that are performed in the ab-
sence of hosts or host stimuli, (2) performed in the presence of host
stimuli, and (3) performed using a live host. :

Tests conducted in the absence of a host are easy to standardize
and can be conducted rapidly and at a low cost. For exampie, Wit-
ting-Bissinger et al. [26] and Bissinger et al. [34) conducted a sim-
ple choice test between a treated and untreated surface in Petri
dishes. Repellency in this case was determined by the number of
ticks found on the treated versus untreated surface and compared
in separate experiments with ticks in an arena with no repellent.
Climbing bioassays can be used with ticks that exhibit ambushing
behavior. These tests use vertical rods [41-43] or strips of fabric
{44] treated at some level above the base of the vertical climb with
a repellent barrier. Ticks that climb past the barrier are considered
not repelled while those that retreat or fall from the treated surface
are repelled. Unlike Petri dish bicassays, climbing bioassays con-
firm that ticks are indeed host-seeking based on their questing
behavior at the time of the assay. Field tests also can be conducted
in the absence of a host by comparing the number of questing ticks
collected on treated and untreated cloths dragged over the ground
in tick-infested habitat [24,45-47). The laboratory tests mentioned
here do not place human subjects at risk; however, it is important
to note that in cloth drag tests, the human dragging the cloth is at
risk of exposure to tick bites. For all of these assays, i.e., the Petri
dish, climbing, and cloth drag tests, the procedure is easy to per-
form, rapid, and inexpensive. However, an overestimate of repel-
lency in the absence of host cues is possible {40].

Tests that incorporate a tick attractant, especially that mimic as
close as possible or involve an actual host, should more accurately

represent the practical use of a repellent. Moving-object bioassays
and olfactometers where the test compound is presented at a dis-
tance from the tick can be used to exclusively evaluate spatial
repellency. The'moving-object bioassay [30] uses a heated rotating
drurm to mimic body heat and movement of the host. Compounds
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are applied to a raised surface on the drum and questing ticks are
positioned so they can contact the raised portion as-it passes. For
olfactometers, ticks can be provided a choice between the host
odorant alone versus host odorant with repellent or a choice be-
tween air with and without repellent. In this case, the odorants
and repellents merge from each arm of the Y-tube presenting the
tick a choice. Disadvantages of both the rotating drum and Y-tube
olfactometer tests are the need for specialized equipment, and for
the former, only one test run can be conducted at a time [40].
The idea! measure of repellency is a field trial in tick-infested
habitat comparing humnan volunteers who apply a repellent to
their clothing or skin to those who remain untreated. This type
of study tests the repellent against wild populations of ticks rather
than laboratory-reared specimens and under the conditions that
would be found during practical usage. However, such tests are dif-
ficult to conduct because of the number of human volunteers
needed for sufficient replication and time needed to conduct the
assay. Animals may be substituted for human hosts under field
[48] or laboratory conditions {12,35,49,50] and can be used to di-
rectly measure reduction of tick attachment. However, the animals
used may not be the preferred host of the tick, resulting in an
incorrect estiration of repellency [40]. Tests using live hosts also
place animals and humans at risk to disease transmission and re-
quire approval by an Institutional Animal Care and Use Committee
(IACUC) or an Institutional Review Board (IRB), respectively. Labo-
ratory bioassays using a live host can reduce the chance of disease
transmission if the ticks used are obtained from a disease-free col-
ony. Laboratory studies are also useful because they allow control
of environmental conditions. Both field and laboratory studies
using humans place subjects at risk of allergic reactions from tic
bites. Additionally, the chemicals used in repellency studies m
have weakly established toxicity profiles.

One compromise to the field test that incorporates host cpes is

the ﬁn‘gertip assay. a modified laboratory climbing

the finger tip untreated. The finger is positioned vef]
the fingertip touching the center of an arena c
Those that crawl above the treated zone of the fifi
pelled while those that retreat or fall off the trea
pelled. Similar tests have been conducted

|53) or dry leaf litter, i.e., the simulated foh
The repellent is applied to the socks or ipg
of the subject who stands in the contai
that cross the treated area is recorded %

istudies between practi-
cal field tests involving huma i
sus potential laboratory tests
the field test. One such stud]

poor correlation of results4

ewson et al. [55] found a

evertsi (Neumann). Aph jsxenobiotic metabolism, different
binding properties (to cl ¥ hair and skin), and trans-epithelial
transport can potentially affect the activity of a repellent [55]. For
this reason, additional research is needed to develop a model lab-
oratory test without the need for a host that can accurately mimic
the day-to-day use of repellents for personal protection or to con-
trol ticks on animals.

4. The first synthetic repellents

Prior to World War 1 and the emergence of synthetic chemical
repellents, arthropod repellents. were pnmanly plant-based {56]
with oil of citronella being the most widely used compound and

s host that might mimic

standard against which others were tested [39]. Three synthetic
repellents existed before World War II: dimethyl phthalate
(DMP) which was discovered in 1929, indalone (butyl-3,3-dihy-
dro-2,2-dimethyl-4-oxo-2H-pyran-6-carboxylate) which was pat-
ented in 1937, and ethy! hexanediol (also known as Rutgers 612)
which was made available in 1939 (Table 1). These three com-
pounds were later combined into a formulation for military use
termed 6-2-2 or M-250 (six parts DMP, and 2 parts each indalone
and Rutgers 612) [39]. Synthetic repellents were developed princi-
pally to protect military troops from arthropod-borne disease and
were heavily researched by ﬁU jlitary during World War II.
From 1942 to 1949, the Uni
(USDA) tested more than 704
During WWI, thousands;
against biting arthro,
[18,57]; however, li
In the mid to late 1
conducted examin;

punds for repellent properties.
nds were tested for repeliency
jHing mosquitoes and chiggers
liofl was paid to tick repellents [58].
arly 1950s a number of studies were
compounds applied to clothing for
pounds including n-butylacetanilide,
ydecylenic acid, and hexyl mandelate were
ainst ticks but were never commercialized and
ilian use {39]. Here the early synthetic repel-
available commercially are discussed with the
2 which was available for military use.

1 phthalate was originally developed as a solvent [59].
low toxicity with no adverse effects observed in rabbits

laced by other active ingredients. It was commonly used in China
before being replaced by Quwenling (para-menthane-3,8-diol,
PMD) and was the standard repellent in India before DEPA (N,N—
diethyl-2-phenyl-acetamide) [59].

Results from studies examining the repellency of DMP were
mixed. Adult A. americanum were not repelled by DMP applied to
uniforms, and although DMP was initially effective in preventing
attachment of nymphal A. americanum, repellency fell below 50%
by the third day of testing [53]. In contrast, Brennan [58] found
that DMP applied to socks worn by human volunteers provided
complete protection for 4 weeks against adult A americanum but
gave little protection against the Rocky Mountain wood tick, Der-
macentor andersoni Stiles, DMP reduced the number of ticks at-
tached to humans by half compared to controls when uniforms
were treated once in a 5 d period and 5x fewer ticks were attached
when uniforms were treated twice in a 6 d period [53]. Hadani
et al. [49] examined repellent effects of DMP against larval and
nymphal Hyalomma excavatum Koch on their gerbil host Meriones

" tristrami Thomas. DMP (applied at 50 mlfanimal) provided 50%

repellency against larvae and nymphs at concentrations of 0.4%
and 2.6%, respectively. At the same application rate, 90% repellency
against larvae was observed at a concentration of 1.1% and 7.6% for
nymphs. In this study, DMP was less repellent against both life
stages than the pesticide benzyl benzoate and two isomers of deet.
DMP was also repellent against all life stages of the fowl tick, Argas
persicus (Oken), and brown dog ticks, Rhipicephalus sanguineus
(Latreille), but less repellent than deet or DEPA [35).

4.2, Indalone

In general, indalone was considered more effective for the pre-
vention of tick bites than other early synthetic repellents, including
deet {59]; however, in some studies, indalone was ineffective
[45,60). The oral toxicity of indalone is low (mouse LDsp
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13,700 mgfkg), but kidney and liver damage was observed in
rodents exposed to indalone for an extended period of time [59].
Indalone has also been noted as having an unpleasant smell [53].

Military uniforms treated. with indalone provided over 70%
protection from adult and nymphal A americanum 2 weeks after

treatment [53). Similarly, indalone provided complete protection.

from nymphal and adult A americanum and adult L. scapularis for
3 weeks after application to socks [53). Fabric impregnated with
an acetone solution of indalone provided > 90% repellency against
A americanum over 5d of field-testing, and uniforms impreg-
nated with the same solution provided >90% repellency for 30d
[61].

In contrast, ‘Granett and French {45] found that coveralls and
cloth drags treated with indalone provided only 49% and 76%
repellency, respectively, 4 d after treatment compared to untreated
materials. Additionally, indalone-treated coveralls that were
washed twice and tested 7 weeks after treatment provided only
39% repellency against the American dog tick, Dermacentor variabi-
lis Say [60]. An aerosol formulation of indalone applied to uniforms
was also ineffective, providing only 22% repellency against ticks in
field trials. However, an emulsion formulation provided 83% repel-
lency from 4 to 6 weeks after treatment [62]. In a recent study, ind-
alone presented in an air stream on a locomotion compensator
decreased attraction of adult A variegatum to their aggregation-
attraction pheromone [31).

4.3, Ethyl hexanediol

Ethyl hexanediol (EH) like DMP was also developed originally as 4

a solvent [59). Strickman [59] suggested EH may be less useful as
repellent against ticks than with other arthropods. Few studj
have examined the repellency of EH against ticks. Smith and G ck

Products containing EH were eventually removed
Canadian markets in 1991 after toxicity was observe
animals [18).

44 6-2-2

Different repellents were mixed to
alone: Rutgers 612) in an attempt to copf

&s for uniforms treated
fontrols. Uniforms treated
dsprovided a 6.4x lower tick
attachment compared to gg n a third trial, uniforms treated
with 6-2-2 applied from 3% B reduced tick attachment 2.6-
3.7x compared to contgols ovelgs d [53]. In a laboratory test under
simulated natural condit S -2 applied to socks worn by hu-
man volunteers provided 99-100% protection over 4 weeks of test-
ing against A. americanum but provided insufficient repellency

once in a 5 d period with 6-2-
twice with 6-2-2 over a 6

- against D. andersoni [58].

5. Modern synthetic nepellems
5.1. Deet

Use of the early synthetic repellents was overshadowed by the
discovery of DEET which gradually became the gold standard for

arthropod repellents [59). Over 20,000 compounds have been -

screened for repellency against arthropods, yet none have resulted
in a product of equal commercial success to that of deet with its
broad-spectrum range of protection and duration of repeilency
{19). Deet was formulated as an arthropod repellent in 1946 [63]
and registered for commercial use in 1957. Deet is the active ingre-
dient in the majority of commercially available tick repelients used
on human skin today and is effective against several tick species.
For example, deet was 90-100% repellent against a number of lar-
val and adult Haemaphysalis spp. on filter paper treated 24 h before
bioassays [64]. Deet also provided 98% repellency from 10 to
20 min after application agaip®t nymphal A americanum and I
scapularis at 1.6 pmol/cm? infifingértip bioassays [10]. With this
same assay approach, deet 2) provided 2.7 h protection

g but provided <1h protection

& repellency for 12 h against nym-
lated forest floor experiment using

s deet was unable to prowde long-
at relatively high concentrations. Jensenius

et al. {65] t e efﬁcacy of four commercially available lotion
formulati 0 8ot against nymphal bont ticks, Amblyomma
hebraeu Three deet products containing 19.5%, 31.6%,
and 80% d epelled >90% of A. hebraeum 1 h after application,

l. [66) compared 20% lotion formulations of Picaridin
inst nymphal A. hebraeun and found that overall deet
ed Picaridin but only provided effective protection for
d trials, a 33.25% extended-duration lotion formulation
egt applied to military battle dress uniforms provided 87.5%

Spéllency against I scapularis larvae but only provided 19.1%
repellency against nymphs of the same species [11]. In the same

phal and adult A. americanum and provided 61.4% repellency to
larval A. americanum compared to controls. Deet was not repellent
to adult A variegatum in a study examining repellency in the
presence-of an attractant (an aggregation-attachment pheromone)
even when presented at 10° times the amount of the attractant
{31).

5.2. Permethrin

Permethrin is a synthetic pyrethroid insecticide that was regis-
tered in the US in 1979 and has been widely used for several dec-
ades against ticks and other arthropods (Table 1). Permethrin
provides protection from several species of ticks; however, this

protection is due primarily to its toxicity rather than repellency

[67]. Permethrin can be applied to clothing and bed nets but
should not be applied to skin [1}.

Permethrin provided better protection than deet in a number of
bioassays. For example, 0.5% permethrin applied to clothing pro-
vided 100% protection against nymphal and adult A americanum
{68} and D. variabilis, while a 20% spray of deet provided 85% and
94% protection against the same ticks, respectively [69]. Clothing

treated with 0.5% permethrin also provided 100% protection of

all life stages of I scapularis while 20% and 30% deet provided
86% and 92% repellency, respectively, against the three life stages
pooled together [ 70]. On baby mice treated to the point of repellent

. runoff, permethrin provided 95% effective control at a concentra-

tion of 0.14% while deet provided the same repellency at a concen-
tration of 17.47% against nymphal Ornithodoras parkeri-Cooley [50].

" Buescher et al. [71] also found that permethrin was significantly

more potent than deet against O. parkeri. In a field study, the num-
ber of Western blacklegged ticks, Ixodes pacificus.Cooley and Kohls,

- collected from overalls treated with a 0.5% pressurized spray of

permethrin did not differ significantly from that of untreated over-
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alls [72]. However, ticks collected from treated overalls exhibited
100% morbidity/mortality 1h after contact with treated overalls
with fewer than 50% of the ticks recovering after 24 h. Similarly,
significantly fewer active live ticks were collected from uniforms
treated with permethrin (0.5% spray or 0.125% impregnant) than
those treated with an extended-duration formulation of deet
(33.25%) [11].

A new method of clothing impregnation using polymer-coating
of permethrin onto fabric followed by heating to 130 <C increased
the longevity of permethrin, which was still active after 100 laun-
derings compared to standard dipping methods (US Army Individ-
ual Dynamic Absorption (IDA)-Kit and Peripel 10) {73]. Time to
knockdown (inability of tick to move or migrate) of laundered trea-
ted fabric was measured for nymphal I ricinus. Fabric treated by
the factory polymer-coated method exhibited significantly greater
knockdown than both the IDA-Kit and the Peripel 10 methods of
fabric treatment. Complete knockdown of . ricinus on factory poly-
mer-coated fabric occurred after 7 min for unlaundered cloth and
in 15.2 min after 100 launderings.

While toxicity of permethrin can be long-lasting, true repel- ;

lency is short-lived. Lane and Anderson {67] compared repellency
of permethrin-treated and untreated cotton surfaces and observed
that initial repellency of permethrin wore off within 8-15 min for
Pacific Coast ticks, Dermacentor occidentalis Marx, and within
4-8 min for pajarcello ticks, Omnithodoros coriaceus Koch. Some
'species of ticks appear to be less susceptible to permethrin than
others. Fryauff et al. [74] exposed camel ticks, Hyalomma drome-
darii (Koch), to fabric impregnated with permethrin and then
placed ticks on rabbits and recorded the time to attachment. Inter-
estingly, attachment was greater and more rapid in permethrin-,
exposed ticks than in controls. The authors hypothesized ]
permethrin induced a premature or excess release of a neurg
cretory substance that stimulates attachment. The synthetic

tion and feeding. Mortality in the former studies witl
arrii was low, and protection against permethrin
due to its thick chitin and cuticle that also offe
desiccation in the desert environment [76). Résj
methrin and other pyrethroids has been obsegw

cattle tick, Rhipicephalus (formerly Boop it microplus
(Canestrini) {78,79). Resistance appears to to the presence
of pyrethroid-hydrolyzing esterases [80 o yptrans-permeth-

of permethrin can
A. hebraeum and
“Neumnann, were 8.8

week old larvae [83].

5.3. DEPA

{84} and low to modera ermal toxicity (rabbit and female
mouse LDsp of 3500 and 2200 mgfkg, respectively) [85,86] that
was developed around the same time as deet. DEPA has recently
regained interest and could prove to be an important repellent in
developing countries because of its low cost, $25.40 per kg com-
pared to $48.40 per kg for deet [18]. In India, DEPA is used as a
repellent because of the lack of availability of 3-methylibenzoic
acid, a compound necessary for the manufacture of deet [35].
Rabbits treated with 0.3 mL of 25% formulations of deet or DEPA
were provided >90% repellency against larval R sanguineus for 15d
after treatment. Deet provided >90% repellency against nymphal
and adult R. sanguineus for 7 and 5 d, respectively, while DEPA pro-

vided the same repellency for 5 d against nymphs and 4 d against
adults, Hens treated with 0.3 mL of 25% deet or DEPA were pro-
vided 11 and 7d of >30% repellency, respectively, against larval
A. persicus. Twenty-five percent treatments of deet or DEPA pro-
vided >90% repellency against A. persicus nymphs for 5 d and the
same repellency against adult A. persicus for 4d |35}

5.4. Piperidines

Some repellents have been developed based on piperidine, a
colorless organic compound h a peppery odor. The structural
motif is present in piperine, loid that gives pepper (Piper
spp.) its hot flavor {27]. A cyclohex-3-enyl 2-methylpi-
peridin-1-yl ketone) is a e derivative whose insect repel-
lent properties were fi iBbed by McGovern et al. in 1978
stzadult and nymphal A. americanum,
gnificantly greater overall protection than
& provided 100% repellency against

fkét application; however, 5h later deet
gcy while Al3- 37220 provided >90% repel-

regisomer is the most effective against mosquitoes [89) and has
formulated into a compound called $5220 or Morpel 220.
Rabbits treated with 20% Morpel 220 were completely protected
om attachment by A americanum for up to 72 h. Morpel 220 also
significantly reduced attachment by adult D. variabilis compared to
controls 72 h after application, although no difference in attach-
ment was observed between Morpel 220-treated rabbits and con-
trols at 0, 24, and 48 h [12], S5220 provided 94% repellency against
A. americanum and 100% repellency against I. scepularis in fingertip
bioassays at concentrations of 0.8 pmol/cm? [10]. When applied at
a rate of 155 nmol/cm?, 55220 repelled 100% of I scapularis
nymphs and 84% of A. americanum nymphs in fingertip bioassays
[23]}. A 20% cream formulation of 55220 provided 100% repeliency
for 12 h against nymphal A. americanum in a simulated forest floor
experiment [54). In tests against nymphal 1. scapularis, the effective
concentration to repel 95% of the nymphs was 32.6 ¢ 3.9 nmol/cm®
{the ECos +SE) for SS220 compared to 58.4 + 62.4 nmol/cm? for
deet [23). !

Schreck et al. [9] tested a number of piperidine compounds
against nymphal A americanum and I. scapularis. A compound sim-
ilar to AI3-37220, 1-{3-cyclohexenyl-carbonyl) piperidine (Al3-
'35765), provided the longest duration of protection against A
americanum (4h, 1.5x longer than deet). Five other piperidine
compounds provided between 2.3-3.0h protection against A
americanum. However, none of the compounds tested provided
>1 h protection time against I. scapularis.

Picaridin (1-piperidine carboxylic acid) (also known as Bayre-
pel®, KBR 3023, and Icaridin) is a colorless, nearly odorless piperi-
dine analog that was developed by Bayer in the 1980s using
molecular modeling [18,90] (Table 1). Picaridin became commer-
cially available in the US in 2005 {91]. The compound exhibits
low toxicity and is not a skin sensitizer [90]. In trials against nym-
phal A hebraeum, 20% Picaridin provided effective repeliency for
1 h; however, repellency declined to approximately 55% from 2
to 4 h after application [66]. In a simulated forest floor experiment,
a 20% cream formulation of Picaridin provided 100% repellency
against nymphal A. americanum for 12 h [54].
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6. Plant-based repellents

Renewed interest in plant-based arthropod repellents was
generated after the US EPA added a rule to the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA) in 1986 exempting com-

‘pounds considered to be minimum risk pesticides [92]. Recently

a large number of studies have emerged examining biologically-
based repellents for use against ticks and other arthropods [21-
26,34,52,97,98,101,128). Increased interest in biologically-based
repellents is also likely a response to the public perception that
synthetic insect repellents such as deet are unsafe [15]. Addition-
ally, registration of biologically-based repelients by the US EPA is
generally more rapid than registration of synthetic compounds.
Biopesticides (the term used by the EPA for naturally occurring
substances that control pests) are often registered in less than
1 year while conventional pesuudes are registered i in an average
of 3 years [93].

Plants produce numerous secondary compounds that serve as
repellents, feeding deterrents, or toxicants to phytophagous insects
[94]. Defensive phytochemicals are grouped into five broad catego-
ries: growth regulators, nitrogen compounds, phenolics, proteinase
inhibitors, and terpenoids [27). The vast majority of phytochemi-
cals that have been tested for repellency against ticks are terpe-
noids. A number of plants and essential oils from plants also
exhibit repellent properties against hematophagous arthropods
including ticks (Tables 2 and 3).

6.1. Terpenoids
!

Terpenoids are a structurally diverse assembly of compound :

that make up the largest group of secondary plant chemicals |
and are involved in defense against herbivorous arthropods 4n
pathogens [96]. Terpenes are derived from units of isoprepgzand
are classified sequentially as chains of isoprene (hemi-, mong
qui-, di-, etc.) [27]. Plant-derived terpenoids are repellept
several species of ticks. For example, Dautel et al. [30]
I ricinus nymphs spent significantly less time on filtef
ted with 1 mg/cm? of myrtenal, a bicydlic terpene ¢

Table 2
Plants that exhibit mpellency against ticks, their taxonomm_

uent of the essential oil of a number of plants including citronella,
Cymbopogon nardus (L.) Rendle, peppermint, Mentha x piperita L.,
" and lemon balm, Melissa officinalis L. {27] than on untreated con-
trols. Tunén et al. [22] tested whole and fractioned compounds
- from the extract of southernwood, Artemisia abrotanum L., and
the essential oil from the carnation flower, Dianthus caryophyllum
L., against nymphal I ricinus. Eight hours after treatment, the
monocyclic terpene eugenol isolated from both plants provided
>30% repellency while the acyclic terpene alcohol p-citronellol iso-
lated from camation flower oil provided 84.1% repellency. Simi-
larly, oil of citronella, containig§ cjtronellol and geraniol repelied
83% of I. ricinus nymphs afte sand lily of the valley essential
oil which also contains cj ol provided 67% repeliency 8 h
after application to filte
tioned sweet basil, Oci
repellency to deet agai

o

fus in Petri dish bioassays at 100
s repellent at a 10 pg dose. In bioas-
ed filter paper were held in the palm
: genol was repellent compared to con-
pellent than equivalent doses of deet [25].
found that 10% clove oil, which contains high
- wprovided 78% repeliency while 10% deet pro-

ency against 1. ricinus nymphs for 8 h. ]

3l. [98] tested constituents in the essential oil from
dromatic tansy, Tanacetum vulgare L., against nym-
icinus. Several terpenoid compounds (Table 3) and one

#1., sweetgale, Myrica gale L., and marsh tea, Rhododendron

MPntosum (Stokes) were also tested against nymphal I ricinus
[46]. Monoterpenes isolated from M. gale were active; however,
e extracts provided <50% repellency. A 10% dilution of R tomen-
tosum produced 95.1% repellency while an ethyl acetate extraction
of A absinthium provided 78.1% repellency. The primary volatile
compounds identified in A absinthium and R tomentosum were
the terpenes, myrtenyl acetate (77.8%) and (3Z)-hexanol (18.3%),
respectively.
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Chemical structures were obtained from {139].
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Two terpenoids, callicarpenal and- intermedeol, isolated from
American beautyberry, Callicarpa americana L. and Japanese beauty-
berry, C. japonica Thunb. have activity against ticks. Using a fingertip
bioassay, Carroll et al. [23] compared deet and SS220 to callicarpenal
and intermedeol against nymphal A. americanum and I. scapularis.
Against A. americanumn, only $5220 and intermedeol provided signif-
icant repellency compared to controls while all four compounds
‘were highly repellent ( >96%) against I. scapularis. In dose-response
tests, 5220 provided the greatest repellency against I scapularis,
however, no difference in repellency was found between callicar-
penal, intermedeol, and deet. Callicarpenal applied to cloth provided
100% repellency against I. scapularis 3 h after application; however,
repellency fell to 43.3%at4 h [23]. )

Essential oil and fractioned compounds from the Alaska yellow

" cedar, Chamaecyparis nootkatensis (D. Don) Spach., possess acari-

cidal activity against I. scapularis nymphs [99,100]. Dietrich et al.
[101] isolated 14 compounds classified as monoterpenes, eremo-
philane sesquiterpenes, and eremophilane sesquiterpene deriva-
tives from the essential oil of the heartwood of Alaskan cedar.
After an initial screening for tick repellency, the four most repellent
compounds were compared to deet against nymphal I. scapularis in
in vitro studies. No significant difference in the RCso (concentration
that produces 50% repellency) was found 4 h post-treatment be-
tween deet and the compounds carvacrol, nootkatone (derived
from grapefruit oil but found in Alaskan cedar), nootkatone
1 — 10 epoxide, and valencene-13-ol.

Isolongifolenone is a sesquiterpene compound found in the
South American tree, Humiria balsamifera St. (Aubl.) [52]. In finger-
tip bioassays, both isolongifolenone and deet applied at 78 nmol

compound/cm? repelled 100% of I scapularis nymphs. Isolongifole-,

none and deet were less repellent against A. americanum compar
to I. scapularis, repelling only 80% of the nymphs at a concentragl
of 78 nmol compound/cm? [52]. %

Methyl jasmonéte is a volatile compound involvedfs
lation of plant growth and development that is fo
tial oil of a number of plants [102]. Garboui

against nymphal L ricinus, Methyl jasmonal

s were also con-
and untreated
methyl jasmo-
of testing; how-

same cloth that was tested. :

Plant essential oils are genegal
acceptable level of protection foR
deet or permethrin because ;
problem can be overcom,
Jaenson et al. [21] showed th3
did not provide signifitqpt re)
however, 10% produced 9
repellency was observed against nymphal [, ricinis at 1% for gera-
nium, Pelargonium graveolens L'Hér. ex Aiton, and lavender, Lavan-
oils and 100% repellency for 30%
concentrations [46]. Similar results were obtained in climbing bio-
assays testing lavender essential oil against adult coarse-legged
ticks, Hyalomma marginatum rufipes Koch, where the duration of
repellency was dose-dependent with 20% concentrations of laven-
der oil providing 100% repellency for 50 min and a 5% concentra-
tion providing complete protection for only 20 min {104).

High volatility [27,103). This
e use of higher concentrations.
iluted oils from R. tomentosum

There is the popular belief that compounds of plant origin are.

benign and harmless to the user [27]. Increasing the concentration

.of plant essential oils can increase efficacy, but high concentrations

may also cause contact dermatitis [92): Additionally, many plant

- extracts that provide repeilency against ticks exhibit toxic effects

in vertebrates. For example, eugenol is an eye and skin irritant
and has been shown to be mutagenic and tumerogenic {105]. g-Cit-
ronello!l and 2-phenylethanol ‘are skin irritants, and 2-phenyletha-
nol is an eye irritant, mutagen, and tumerogen; it also affects the
reproductive and central nervous systems [105]. It has been sug-
gested that repellent compounds with toxic attributes be used as
clothing treatments rather than for application directly to human
skin {25].

proBlematic because they are expen-
Ho pesticide resistance, environmental

§ture plants have been proposed as com-
ategrated tick management program {107].

n“ggamined mostly against cattle ticks. There is
here Carroll et al. [44] studied a related plant spe-

: ick pasture plants and their actives to prevent tick

] grasses have been suggested for use in anti-tick pas-
pson et al. [108] conducted field trials comparing re-

capture rates and no re-infestation. Mwangi et al. [109] observed
imbing behavior in the laboratory of R appendiculatus presented
simuitaneously with stems of molasses grass and Pennisetumn clan-
destinum Hochst. ex Chiov. (control). No R appendiculatus climbed
the molasses grass while 79.2-93.2% (depending on life-stage)
climbed P. clandestinum. In field plots, no larval, 4.3% of nymphal,
and 3.8% of aduit R appendiculatus climbed molasses grass com-
pared to 76.2%, 65%, and 73.2% of larval, nymphal, and adults in
P. clandestinum. Additionally, significantly fewer R appendiculatus

. chose molasses grass leaves compared to the control in Y-olfac-

tometer trials [109]. Repellency of Gamba grass, Andropogon gay-
anus Kunth was also tested against larval R microplus [110}. Tick
repellent properties were exhibited in mature grass 6-12 months
old but not in plants 3 months old. The authors note that the pres-
ence of glandular trichomes on older grass and possibly a volatile
compound may be responsible for the difference in repellency.
Two tropical legumes, Stylosanthes hamata (L) Taub. and S.
humilis Kunth, exhibited acaricidal and repellent properties.[111].
The plants’ stems and leaves are covered with glandular trichomes
that produce a sticky secretion containing toxic volatiles [112]. In
Y-olfactometer bioassays comparing extracts of different plant
parts in various solvents, repellency ranged from 70% to 87% for

- §. hamata and 68-92% for S. humilis against R. microplus larvae

{113]. Seventeen compounds were identified using GC-MS from
S. hamata with linolenic acid being the most abundant. Sixteen
compounds were identified from S. humilis with the compounds
ferrocene and B-sitosterol being the most abundant.

A number of African plants have tick repelient properties [107].
Oil from wild basil, Ocimumn suave Willd (an African shrub) was highly
repellent against R appendiculatus in climbing bioassays. No signifi-
cant difference was found between deet and wild basil oil, and mor-
tality occurred in all life stages exposed to O. suave oil {41]. In a
climbing bioassay, essential il from the African shrub, Cleome mon-
ophylla L. was as repellent as deet at a 0.1 pL dose against R append-
iculatus but less repellent than deet at lower doses. A number of
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fractioned compounds including carvacrol, 2-dodecanone, 1-a-ter-
pineol, and 3-undecanone from C. monophylla essential oil also pro-
vided equivalent repellency to deet at a dose of 0.1pL 2:
Dodecanone and 1-a-terpineol additionally provided equivalent
repellency to deet at concentrations of 0.01 and 0.001 pl, respec-
tively [42]. Essential oil from African spiderflower, Cleome (Gynandr-
opsis) gynandra(L.) Brig., was also repellent against R appendiculatus.
In climbing bioassays, 0.1 pL of C gynandra essential oil provided

. 98.9% repellency compared to 84.0% repellency for an equivalent

amount of deet. However, deet was more repellent than C. gynandra
oil at 0.0001 pL, providing 70.5% versus 50.5% repellency, respec-
tively. Fractioned compounds from C. gynandra (Table 3) were also’
highly repellent against R appendiculatus providing >90% repellency
at 0.1 pL [43]. Malonza et al. [114} similarly found that nymphal and
adult A. variegatum and R. appendiculatus avoided contact with C gyn-
andra leaves used as plugs in glass tubes. Fewer ticks were observed’
contacting C gynandra leaves compared to tubes plugged with non-
absorbent cotton wool over a 24 h period. Likewise, in olfactorneter
trials, significantly more nymphal and adult R appendiculatus moved
towards the control arm of a Y-olfactometer plugged with cotton
wool than to the arm plugged with C gynandra leaves. In addition
to repellency by C. gynandra, high levels of mortality were observed
in nymphal A. variegatum and R appendiculatus. All R appendiculatus
nymphs died within 6-16 h, and 71% of A. variegatum nymphs died
after 2 h of continuous exposure to the plant leaves {114].

The indigenous Maasai of Kenya and northern Tanzania use
plants in the genus Commiphora as flea and tick repellents by
employing the sap in a topical application or by consuming the
boiled plant [115]. Gum haggar, Commiphora holtziana Engl. is an
East African plant traditionally used by farmers as a tick repellen
when rubbed on the skin of cattle. Birkett et al. [ 116] tested the r;
sin of gum haggar against larval R microplus. A hexane extra %0l
the resin provided repellency for up to 5 h whereas a secong
thar*
C myrrha contained much lower levels of sesquiterpene hy car-

abundant in C holtziana. Kaoneka et al. [117] tested
oil and fractioned compounds of C. swynnertonii B

R appendiculatus in a climbing bioassay. Ten pér
swynnertonii repelled 87.3% of the ticks while dég
tioned compound wo-copaene repelled 100%4
and deet also provided 100% repellency; h¥
a-copaene was significantly lower than dee :
et al {44} tested hexane extracts of g )
D. variabilis, and L
h cloth. The extract
ult A. americanum at
alyp provided significant

provided 100% repellency against
a concentration of 0.2 mgfcm? g
repellency compared to contrajs
laris. In addition, greater than
A americanum and D. vari

raea extract. 4

7. Commerdany 3

Although a number of plants and plant-compounds are repel-
lent, relatively few have been commercialized. In some cases the
cost of the extraction of pure bioactive compounds is prohibitive,
and the yield of these compounds may be.low {27]. The active
ingredients in many commercially available arthropod repellents
were originally isolated from a plant or other natural source but
are mass-produced synthetically. A synthetic preparation can be-
beneficial because of the potential of obtaining high purity and

"concentration of the activee A number of dctive ingredients

commonly found in commercially available tick repellents are pre-
sented in Table 1.

7.1. IR3535

The repellelit IR3535 or EBAAP (ethyl butyl acetyl aminopropi-
onate) is a synthetic currently registered as a biopesticide by the
US EPA {118] because of its structural resemblance to naturally

" occurring B-alanine (Table 1). IR3535 causes less iritation to mu-

cous membranes and exhibits a safer acute oral and dermal toxic-
ity than deet [119], and no recorded reports of adverse reactions to
the product have been made {18]. IR3535 has been available in
Europe since the 1970s but v@s not available in the US until
1999 {120]. Staub et al. [12; amined the effectiveness of a
repellent containing both de EBAAP on human volunteers
in field tests in Switzerla; the predominant tick species
was I. ricinus. The repelle; ded 41.1% repellent effectiveness
and significantly fewer ti found attached to repellent-trea-
ted volunteers compaze 3se treated with a placebo. Cilek
[122] determined ¢fi 5 was more repellent than similar
concentrations of

e

crossing a treated zone on human volunteers
ercent aerosol and pump formulations pre-
Fomn crossing the treated region for 11 and 12.2 h,
d owever. when presented m an air stream. EBAAP

ion pheromone [31], which suggests that this
gl is active as a contact repellent.

&

¥¥he monoterpene, para-menthane-3,8-diol (PMD), is the major
constituent of the byproduct from the distillation of leaves from the
Australian lemon-scented gum tree, Corymbia citriodora (Hook.)
KD. Hill & LAS. Johnson (formerly Eucalyptus maculata citriodon)
(Myrtaceae) (Table 1). The essential oil from C citriodora, termed oil
of lemon eucalyptus, contains citronella, citronellol, geraniol, isopule-
gol, and delta pinene [27]. Essential oil from C. citriodora was deter-

mined to provide short-term repellency against mosquitoes; .

however, PMD was repellent for a longer duration, likely because of
its relatively low volatility [123]. In China, PMD is called Quwenling
which translates to “effective repeller of mosquitoes”™ [27].

In addition to being repelient against several species of mosqui-
toes, PMD is also repeliént against ticks. For example, Trigg and Hill
[124] examined attachment of I. ricinis nymphs on- the ears of rab-
bits treated with PMD. The proportion of nymphs that fed on rabbit
ears 43 h after treatment with PMD was greatly reduced compared
to untreated ears. Additionally, PMD was acaricidal with an aver-
‘age mortality of 77.5% on treated compared to 11.6% on untreated
ears. In a field test, Gardulf et al. [125] found significantly lower
tick attachment on skin treated with Citriodiol lemon eucalyptus
extract compared to untreated controls. However, no significant
difference was found between treated and iintreated volunteers
in the number of unattached crawling ticks. Jaenson et al. [46)
tested oil of lemon eucalyptus and MyggA® Natural, a product sim-
ilar to Citriodiol that contains 30% oil of lemon eucalyptus with a
minimum of 50% PMD and small amounts of geranium, lavender,
and rose extracts against nymphal L ricinus. Both products pro-
vided 100% repellency 5 min after the beginning of bioassays. Field
trials using cloth drags treated with MyggA® Natural or oil of lem-
on eucalyptus were 74% and 85% repellent, respectively, on the first
day of testing. A separate field study conducted by Garboui et al.
{47) showed that blankets treated with two concentrations of Myg-
gA® Natural (3.2 and 4.2 g/m?) and the repellent RB86 (70% neem
oil containing azadirachtin) significantly reduced the number of L
ricinus nymphs collected by dragging compared to untreated blan-
kets. Significantly fewer nymphs were collected on blankets trea:
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ted with 4.2 g/fm? MyggA® Natural than were collected on the
other two repellent treatments.

7.3. 2-Undecanone

The repellent compound 2-undecanone (methyl nonyl ketone)
was originally isolated from the glandular trichomes of the wild to-
mato plant, Lycopersicon hirsutum Dunal f glabratum CH. Miill
[126] (Table 1). Resistance to insect herbivory of L. hirsutum f. glab-
ratumn is afforded in part by the presence of 2-undecanone. In stud-
ies against O. parkeri, 2-undecanone was >90% repellent at 100
and 50 pgfcm? but was not repellent at 10 ugjem? in choice-tests
between treated and untreated filter paper [127].

The arthropod repellent BioUD® contains the active ingredient
2-undecanone and was registered by the US EPA in 2007. In
choice-tests on treated and untreated filter paper, BioUD® with
7.75% 2-undecanone provided significantly greater mean percent-
age repellency than 98.1% deet against A. americanum and 1. scapu-
laris and equivalent repellency to 98.1% deet against D. variabilis on
treated filter paper compared to untreated controls [34]. The same
formulation of BioUD® was more repellent than 15% deet against D.
variabilis in head-to-head tests directly comparing the repellents
on treated filter paper. BioUD® provided high repellency against
D. variabilis on treated cotton cheesecloth for 8d after repellent
treatments [26] and an average of 93.2% repellency against A
americanum over 7 weeks of testing [128}. Additionally, BioUD®
was determined to be repellent against D. variabilis on human skin
for at least 2.5 h after repellent treatment |26].

7.4. Dodecanoic acid

From 30 to 60 min after repellent application, (&
repellency fell to 63% for ContraZeck® ang

mean percentage repellency at 2, 3, al :
repellency ranging from 75.5% to 88%

8. Additional natural repelle
8.1. Arthropod-based repeller

Selves with chemicals produced
by arthropods or othefRg ¥ns. For example, birds and mam-
mals have been observed b themselves with millipedes that
excrete benzoquinones, presumably to repel ectoparasites. The po-
tential for use of chemicals produced by arthropods as personal
repellents has been known for some time and was reviewed by Jac-
obson in 1966 [130]. More recently, Carroll et al. [131] tested three
common benzoquinone millipede defensive secretions in a climb-
ing bioassay against nymphal A. americanum. One compound, 2-
methoxy-3-methyl-1,4-benzoquinone, provided significant repel-
lency compared to controls against A americanum (100% at a con-
centration of 550 mM). After capuchin monkeys, Cebus apellaL.ina
Brazilian ecological park were observed anointing themselves with
formic acid-produ ants, Fal6tico et al. [51] examined the repel-

Many vertebrates anoint t

and the deet product for either tick species {128]..

lency of formic acid and the ants themselves against nymphal Cay-
enne ticks, Amblyomma cajennénse (F.) and Amblyomma incisum
Neumann, and against adult Amblyomma parvum Aragao. Formic
acid applied at an amount that covered human index fingers from
the first to the third skin fold at a concentration of 50% repelied
100% of A cajennense nymphs, 98.6% of A. incisum nymphs, and
86.1% of A. parvum adults in fingertip bioassays. Formic acid how-
ever, is highly volatile and was eﬁ'ecnve only for approximately
25 min.

8.2. Vertebrate-produced repellegt

Some vertebrates prod
fense against ectoparasi
tella Pallas, is a seabird
that is secreted from i
dominantly compri;
saturated aldehyd
important in se]
of odorant bej
lets rub the
preen (thed

chemicals that provide de-
The crested auklet, Aethia crista-
lices a volatile citrus-like odorant

ef€athers [133}. The odorant is pre-
n—numbered saturated and monoun-

4]. These odorants appear to be
etfon with auklets producing higher levels
active. Prospective mating pairs of auk-
ns of the bodies that they are unable to self-

! [133}i A cocktail of odorant components caused a
kot repellent response in A americanum in a mov-

compound in the auklet secretion, provided
greater repellency against nymphal A americanum
 or ethanol controls [134]. A blend of odorant compo-

cant repellency compared to controls. Nymphal and adult I. urige
sed to 5 L of octanal became moribund within 15 min and
1 h, respectively [134].

9. Comparative ’éctivity of EPA-registered, current commercial
tick repellents

Bissinger et al. {128) recently conducted comparative studies of

. the currently available (EPA-registered) commercial repellents for

personal protection from biting arthropods, including ticks and
mosquitoes. The activity of seven products containing six different
active ingredients were compared in laboratory two-choice Petri
dish bioassays on cotton cheesecloth against A. americanum and
D. variabilis (Table 4). The products that gave the highest mean per-
centage repellency against both tick species were BioUD® (7.75% 2-
undecanone, HOMS, LLC Clayton, NC), Cutter® (30% oil of lemon
eucalyptus, Spectrum, St. Louis, MO), Jungle Juice (98.1% deet, Saw-
yer Products, Safety Harbor, FL), and Skin-so-soft Expedition™ Bug
Guard Plus (19.6% IR3535%, Avon Products, Inc,, New York, NY).
There was no statistically significant difference in the mean per-
centage repellency provided by these four products. Slightly lower
mean percentage repellency was provided by Cutter® Advanced
Outdoorsman {15% Picaridin, Spectrum, St. Louis, MO) against both
species. Lowest mean percentage repellency against both species
was provided by the product containing 0.5% permethrin (Pre-
mium Clothing insect repellent, Sawyer Products, Safety Harbor,
FL). The three most active repeflents in these studies were each di-
rectly.compared to BioUD® in the same Petri dish on cotton cheese-
cloth. BioUD® provided significanty greater overall mean
percentage repellency than the IR3535® product for A americanum
and D. variabilis. BioUD® was significantly more repellent than the
oil of lemon eucalyptus product for A. americanum but did not dif-
fer significantly in repellency against D. variabilis. No statistically
significant difference in repellency was found between BioUD®
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Table 4
Overall mean (1 SE) percentage

lency of seven c

americanum and Dermacentor variabilis.*

ially available products from 3 to 3.5 h after repellent application to cotton cheesecloth against Amblyomma

* From {128].

b Means in the same column followed by the same letter are not statistically significantly different (P< 0.05, pairwi ¥

¢ 30% containing approx. 65% para-menthane-3,8-diol.
9 HOMS, LLC, Clayton, NC.

¢ Sawyer Products, Safety Harbor, FL

! Avon Products, Inc., New York, NY.

® Spectrum, St. Louis, MO.

¥ 5.C. johnson & Son, Inc., Racine, Wi.

10. Importance of formulation

Repellent activity against ticks is determined by a variety of
factors which include the rate of evaporation from the site of appli-
cation, the importance of contact versus spatial repellency, the
delivery rate to the receptor, and the potency of the compound to eli-
cit repellent behavior. At the level of the sensilla, potency is affected
by delivery of the repellent to the receptor, the affinity of the recep-
tor protein for the repellent, degradation of the repellent in the sen-
silla, and potency (once in the receptor) of eliciting an eﬁectlv
repellent behavior. In addition, because repellents need to provijgs
personal protection for extended periods of time, a balance must®x-
ist between all of the factors important inrepellency to achi

abrasion, humidity, temperature, and wind also can a
gevity of repeliency [18]. Finally, because of the hy
on the skin, the amount that can be applied to th¢ i
the perception of whether the repellent is safe aft
mately whether a person will be protected
Formulation can play an important role in

pared to only 22% provided by an aeroso
nately, the vast majority of publis
(discussed earlier) has focused on

ally, due to the proprietary nal
mation on formulations is
community to obtain.
Many repellents are
pose a safety hazard tg users
doors around gpen flama
lanterns, etc.) and are flamiffable. In addition to posing a safety
hazard, formulation in alcohol can enhance dermal absorption,
as is the case with deet [135). This absorption is partially respon-
sible for deet's short-lived repellent action {136]. A liposomal
preparation of deet (LIPODEET) was formulated in an attempt to
increase the duration of its repellent protection. LIPODEET is ab-
sorbed into the skin at a 10x lower rate than deet formulated
in alcohol [137]. Attachment by adult A americanum and D. vari-
abilis on rabbits treated with 20% formulations of deet or LIPO-
DEET were compared. LIPODEET provided complete protection
from attachment by A. americanum for 72 h. [12). Compared to

yeen,

P-treated rabbits had 9« fewer ticks attached

lled to other active ingredients and improved formulation
dologies might be a critical factor in the improve effective-
NesE of a variety of repellents already described in the literature
including essential plant oils.

‘Screening of chemical libraries, the bioassay of different biolog-
ical products from plants and animals, the development of struc-
ture-activity relationships, and serendipity have historically been
critical factors in the research and development of repellents for
personal protection from the nuisance and vector-borne pathogens
associated with tick feeding. Often the first objective of these stud-
ies has been protection from mosquitoes with ticks as a secondary
concern. Without question repellents need to have broad-spectrum
activity to be commerdially relevant and available to the public.
The understanding of the mechanism of repellericy from spatial
versus contact to the molecular basis of odorant reception in ticks
has fallen far behind that of mosquitoes. For example, over 50 dif-
ferent odorant-binding proteins have been identified in the mos-
quito, Anopheles gambiae Giles [33], while similar work in ticks is
minimal. The recent sequencing of the I. scapularis genome [138]
-as well as new high throughput DNA sequencing technologies,
the ease for the de novo construction of transcriptomes from sam-
ple sizes as small as a single cell, and advances in bioinformatics
should lead in the near future to the rapid identification of similar

proteins in ticks as well as significant advances in our overall

understanding of tick repellency at the molecular level. Under-
standing the importance of tactile versus spatial repellency will
also be critical. Although screening of chemical libraries and the
examination of extracts from plants and animals will continue to
be an important source for new compounds in the future, molecu-
_lar and stereochemical modeling involving odorant transport,
binding and degradation proteins as well as the development of
in vitro and single cell receptor bioassays could also be important
[19.33] and at the very least add to our basic knowledge of the
mechamsm of repellency.
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A critical factor in the development of tick repellents and one
that should be considered in the future even more so than in the
past is the human factor. No matter how effective the repellent,
public perception whether based on science or.-not, can affect
repellent use and therefore the spread of vector-borne diseases.
The growing interest in “green technologies™ will likely also have
an impact on repellent development and use in the future. It is
the responsibility of the scientific community to understand this
issue and be engaged in public education about the most effec-

tive and safe methods for personal protection. Formulation

chemistry relative to tick repellents and repellents in general
has been an understudied area in the scientific literature and
might be a critical factor in repellent-discovery and use in the
future. Finally, the development of standardized bioassays for
repeliency that have been validated as substitutes for tests using
human volunteers and animals are needed to better evaluate the
many different repellent compounds described in the literature,
those to be discovered in the future and to determine relative
effectiveness.
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